We present new wide-field photometry and spectroscopy of the globular clusters (GCs) around NGC 4649 (M60), the third brightest galaxy in the Virgo cluster. Imaging of NGC 4649 was assembled from a recently-obtained HST/ACS mosaic, and new Subaru/Suprime-Cam and archival CFHT/MegaCam data. About 1200 sources were followed up spectroscopically using combined observations from three multi-object spectrographs: Keck/DEIMOS, Gemini/GMOS and MMT/Hectospec. We confirm 431 unique GCs belonging to NGC 4649, a factor of 3.5 larger than previous datasets and with a factor of 3 improvement in velocity precision. We confirm significant GC colour bimodality and find that the red GCs are more centrally concentrated, while the blue GCs are more spatially extended. We infer negative GC colour gradients in the innermost 20 kpc and flat gradients out to large radii. Rotation is detected along the galaxy major axis for all tracers: blue GCs, red GCs, galaxy stars and planetary nebulae. We compare the observed properties of NGC 4649 with galaxy formation models. We find that formation via a major merger between two gas-poor galaxies, followed by satellite accretion, can consistently reproduce the observations of NGC 4649 at different radii. We find no strong evidence to support an interaction between NGC 4649 and the neighbouring spiral galaxy NGC 4647. We identify interesting GC kinematic features in our data, such as counter-rotating subgroups and bumpy kinematic profiles, which encode more clues about the formation history of NGC 4649.
INTRODUCTION
Galaxies are the building blocks of the visible Universe and the best tools to study its structure. Galaxies are alike in many ways, suggesting that similar underlying mechanisms regulate their formation, but they are not identical to each other, implying that formation processes vary slightly from galaxy to galaxy (Lintott et al. 2008) . While high redshift galaxy surveys can be used to infer "average" formation mechanisms for a sample of galaxies, studying nearby galaxies in detail can allow us to reconstruct their particular c 0000 RAS and unique formation histories. Moreover, observations of galaxies at z = 0 provide the end product that computer simulations attempt to reproduce (e.g., Hoffman et al. 2010; Wu et al. 2014; Naab et al. 2014) .
In the standard galaxy formation theory, small structures collapse first (White & Rees 1978; Searle & Zinn 1978; Zolotov et al. 2009) , and then grow hierarchically into larger structures via galaxy mergers and/or via accretion of satellite galaxies (e.g., López-Sanjuan et al. 2010; Font et al. 2011; van Dokkum et al. 2014; Tasca et al. 2014 ). The latter is responsible for the buildingup of galaxy outskirts (which we will refer to as stellar haloes) from high (z ≈ 2) to low redshift (Tal & van Dokkum 2011; Oser et al. 2010; Khochfar et al. 2011) . The various processes which shaped galaxies with time can be simulated and compared with observations of galaxies at a particular redshift. For example, minor mergers can create stellar shells and tidal streams observable in deep imaging (Tal et al. 2009; Ebrova 2013; Atkinson et al. 2013; Duc et al. 2015) , whereas the secular accretion of satellite galaxies can be studied with photometry of stacked galaxies (e.g., Oser et al. 2010; Tal & van Dokkum 2011; D'Souza et al. 2014) or by studying the chemistry and kinematics of stellar haloes (e.g., Forbes et al. 2011; Romanowsky et al. 2012; Coccato et al. 2013) .
Galaxy haloes are difficult to study because they are optically faint. Globular clusters (GCs), on the other hand, are much more observationally convenient for studying galaxy haloes. They are relatively easy to detect because of their high surface brightness and they generally populate haloes in large numbers (e.g., . The outermost GCs can be used to map out halo properties (e.g., kinematics and metallicity) out to tens of effective radii (e.g., Ostrov et al. 1993; Schuberth et al. 2010a; Usher et al. 2012; Pota et al. 2013; Forbes et al. 2011) . Their old ages and their direct connection with the star forming episodes in a galaxy's history (Strader et al. 2005; Puzia et al. 2005 ) mean that they are ideal tracers of the assembly processes that shaped the host galaxy (e.g., Romanowsky et al. 2012; Leaman et al. 2013; Foster et al. 2014; Veljanoski et al. 2014) .
In this paper we study the GC system of the E2 early-type galaxy NGC 4649 (M60), the third brightest galaxy in the Virgo cluster. NGC 4649 is itself at the centre of a small group of galaxies and is the dominant member of the galaxy-pair Arp 116 (Arp 1966) . The proximity to the disturbed spiral galaxy NGC 4647 (13 kpc in projection) potentially makes NGC 4649 an example of a pre major-merger between two massive galaxies in the local Universe, although this connection is still debated (Young et al. 2006; de Grijs & Robertson 2006) .
Galaxies like NGC 4649 are ideal laboratories to test galaxy formation models. This galaxy has been scrutinized from different angles, revealing the portrait of a prototypical red and dead elliptical galaxy with a central supermassive black hole (Shen & Gebhardt 2010) , dark matter halo Das et al. 2011 ) and X-ray halo (O'Sullivan et al. 2003; Das et al. 2010; Humphrey et al. 2008; Paggi et al. 2014) .
Recent space-based observations of NGC 4649 Luo et al. 2013; Norris et al. 2014) , suggest that this galaxy interacted with a smaller galaxy with mass M ∼ 10 10 M ⊙ (Seth et al. 2014 ). This event should have deposited 100 GCs and many more stars into the halo of NGC 4649 during the course of its orbit (Harris et al. 2013) . Indeed, asymmetries have been found in the two-dimensional distributions of GCs and low-mass X-ray binaries around this galaxy D'Abrusco et al. 2014 ), but these have not yet been linked to any particular interaction that occurred in NGC 4649.
In addition to recent space-based observations, the GC system of NGC 4649 has been studied with ground-based telescopes Faifer et al. 2011; . A spectroscopic follow up of 121 GCs revealed that the GC system of NGC 4649 has a large rotation amplitude. This is a rare feature in large early-type galaxies, whose GC systems are generally pressure supported with negligible or weak rotation (e.g., Côté et al. 2003; Bergond et al. 2006; Schuberth et al. 2010b; Strader et al. 2011; Norris et al. 2012; Pota et al. 2013; Richtler et al. 2014) , although exceptions exist (e.g., Puzia et al. 2004; Arnold et al. 2011; Schuberth et al. 2012; Blom et al. 2012) . On the other hand, Bridges et al. (2006) obtained radial velocities for 38 GCs in NGC 4649 and found no rotation, probably because of their relatively small sample size.
In this paper we present the largest spectro-photometric catalogue of GCs around NGC 4649. We construct a wide-field photometric GC catalogue by combining literature (HST), archival (CFHT) and new (Subaru) observations. We follow-up with spectroscopy of hundreds of GC candidates using joint observations from three multi-object spectrographs mounted on the Keck, MMT and Gemini telescopes. Our new spectroscopic catalogue is a factor of 3.5 larger than the current literature dataset and has a factor of 3 greater velocity accuracy. This study exploits datasets from two complementary surveys of extragalactic GCs: the SLUGGS survey , and an ongoing survey carried out with Gemini/GMOS (Bridges et al., in preparation) . These two surveys combined, contribute 90 per cent of the final sample of confirmed GCs. We use the photometric and kinematic properties of the NGC 4649 GC system (including the blue and red GC subpopulations) to study the formation history of NGC 4649. A follow-up paper (Gebhardt et al., in preparation) will make use of the dataset presented in this work to model the mass content of NGC 4649.
We adopt a distance of 16.5 Mpc , an effective radius Re = 66 arcsec = 5.3 kpc, an axis ratio q = 0.84 and a position angle P A = 93 deg . Galactocentric distances R are expressed though the circularized radius R = X 2 q + Y 2 /q, where X and Y are the Cartesian coordinates of an object with NGC 4649 at the origin. The absolute magnitude of NGC 4649 is MB = −21.47 mag or MV = −22.38 mag.
This paper is structured as follows. Imaging observations and analysis are presented in Sections 2 and 3 respectively. The photometric results, including colour gradients and GC surface density are presented in Section 4. The spectroscopic observations and their outcomes are discussed in Section 5 and Section 6, respectively. We next explain the steps needed to build up the spectroscopic GC master catalogue: repeated GC measurements (Section 7) and colour and velocity uncertainty calibration (Section 8). We give an overview of the spectroscopic sample in Section 9 and explain the tools to quantify GC kinematics in Section 10. The kinematic modelling results are given in Section 11. We discuss our results in Section 12 and summarize the paper in Section 13.
IMAGING OBSERVATIONS
Imaging is the first step in identifying extragalactic GCs. It allows us to identify and characterize the photometric properties of the NGC 4649 GC system, and also to prune out the bulk of the con- Overview of the observations. Shown is a Digitized Sky Survey image of NGC 4649 and surroundings. The field of view is 1 deg 2 , which corresponds to 290 kpc × 290 kpc at this distance. NGC 4649 is the elliptical galaxy at the centre of the image, with the spiral NGC 4647 visible on the immediate right. Other galaxies in the field are labelled. Black dashed polygons represent the fields-of-view of the imaging cameras (labelled accordingly). Coloured solid outlines enclose the regions in the sky mapped by our three multi-object spectrographs (labelled). A 10 arcmin∼ 48 kpc scale-bar is shown at the bottom of the image. North is up, East is left. taminants (Galactic stars and background galaxies). Imaging is also necessary for selecting objects to be followed up spectroscopically.
Our imaging comes from three sources: HST/ACS, CFHT/MegaCam and Subaru/Suprime-Cam. The fields of view of the three instruments, along with the footprints of the multi-object spectrographs, are shown in Figure 1 . CFHT/MegaCam covers the field of interest, and it was supplemented with Subaru/SuprimeCam data to gain extra coverage on the East of NGC 4649 and to test for systematics in our ground-based photometry.
HST/ACS
The HST imaging is discussed in Strader et al. (2012) and we refer the reader to this paper for a detailed description of the data. The dataset consists of six ACS pointings, which extend up to 6 arcmin from the galaxy center. The layout of the pointings is such that it avoids the foreground spiral NGC 4647. GC selection is based on (g − z) colours, z magnitudes and half-light radii r h . The latter can be measured down to ∼ 0.1× FWHM (Spitler et al. 2006) , which corresponds to ∼ 0.7 pc at the distance of NGC 4649. Unresolved sources were not selected as GCs. The latter is the physical radius which contains half of the total light of the object. The final HST/ACS catalogue consists of 1603 GC candidates.
CFHT/MegaCam
The area surrounding NGC 4649 has been imaged with CFHT/MegaCam as part of the Next Generation Virgo Survey (Ferrarese et al. 2012) . MegaCam has a field-of-view of 0.96 × 0.94 deg 2 and a pixel scale of 0.187 arcsec/pixel. Reduced CFHT/MegaCam images and the respective weight-images in gri filters were downloaded from the CFHT/MEGAPIPE legacy archive (Gwyn 2008) . Images are provided already calibrated to standard SDSS filters. The logs of the CFHT observations are given in Table 1 . The seeing for all images is < 0.8 arcsec.
We use a total of five MegaCam pointings. Four of these are in ugiz-filters, but they are not centered on NGC 4649. A fifth pointing in the r-filter is centered on NGC 4649. The final CFHT field of interest spans roughly 1 degree in declination and half a degree in right ascension, as shown in Figure 1 . We discard 30 arcmin in right ascension as we are not interested in the sky to the West of NGC 4621.
Subaru/Suprime-Cam
NGC 4649 was imaged with Subaru/Suprime-Cam in gri filters. The field-of-view of Suprime-Cam is 34 × 27 arcmin 2 , with a pixel scale of 0.2 arcsec/pixel (Miyazaki et al. 2002) . The camera was pointed at roughly the centre of NGC 4649. A summary of the Subaru observations is given in Table 1 . The seeing was sub-arcsec for the g and i images, and 1.1 arcsec for the r image.
We use a custom made pipeline for reducing the Subaru Suprime-Cam imaging, based on the SFRED2 pipeline of Ouchi et al. (2004) . The reduction consists of the following steps:
• We subtract the bias measured from the overscan regions for each chip. We create the flat field frames by median combining the dome-flats for each chip. We use L. A. Cosmic (vanDokkum 2001) to remove the cosmic rays from the object frames.
• We correct for chip-to-chip quantum efficiency variations and scale individual chips for any time-variable gain. We correct for the atmospheric distortion, mask out the auto-guider probe in each frame and sky subtract using a simple median of medians.
• We use a Monte Carlo sampling method to efficiently find the astrometric solution which minimizes the positional offsets between SDSS and point sources in our data.
• We multiplicatively scale each exposure to the median throughput level of all the exposures before co-adding them into a final image. The final mosaic image for each filter was performed with the software Montage 1 .
IMAGING ANALYSIS

Catalogue extraction and calibration
We use SExtractor (Bertin & Arnouts 1996) to extract sources from the Suprime-Cam and MegaCam images. We extract sources from the two cameras separately, and we combine them later on. We run SExtractor on all the fields listed in Table 1 . Only sources above 2.5σ are extracted. The zero point magnitude is set to 30 mag for the CFHT images (Ferrarese et al. 2012) , and to 25 mag for the Subaru images. The weight-maps downloaded from the MegaPipe archive were used to optimise the extraction of MegaCam objects. The weight-map for the Suprime-Cam dataset was set to "background", meaning that we let SExtractor compute the variance map from the science images themselves.
For each extracted source, we measure: a) coordinates; b) magbest, which we use as our primary magnitude measurement; c) a set of magnitudes computed within different apertures (from 4 to 11 pixels in diameter); d) structural parameters, such as the ellipticity, position angle and FWHM. The photometric properties of the objects in common between the different g and i MegaCam pointings are in good agreement with each other. Selecting objects brighter than i = 23 mag, we find the median magnitude difference to be ∆g = 0.006 mag and ∆i = 0.008 mag, respectively. The extracted properties for these objects are averaged together so that every object is unique, with magnitude measurements in all three filters.
Point sources are selected based on the difference between the magnitude measured within 4 pix and within 8 pix. This difference is small for point sources (typically < 0.6 mag) because their light profiles fall off more rapidly than those of extended sources. The latter become important source of contamination for (i > 22 mag).
With the point-source catalogues in hand, we calibrate the magnitudes to standard SDSS gri filters. We select a bright subsample (18 < i < 21 mag) and match these sources to the SDSS DR7 point-source catalogue, which covers the entire field-of-view in Figure 1 .
The MegaCam dataset was already calibrated to SDSS magnitudes and, in fact, we find the zero-point corrections to be always < 0.05 mag, within the photometric uncertainties. For the Suprime-Cam dataset we find: gSDSS − gSUB = 3.46 ± 0.05 mag, rSDSS − rSUB = 3.76 ± 0.05 mag, iSDSS − iSUB = 3.66 ± 0.04 mag, respectively.
Comparison between CFHT and Subaru
Before merging the MegaCam and Suprime-Cam datasets, we study how the magnitudes extracted from both cameras compare with each other. We match the two catalogues selecting only bright (19 < i < 23) objects outside R = 300 arcsec, because groundbased imaging is notoriously incomplete near the centres of the galaxies. Figure 2 shows the magnitude difference in three bands of the ∼ 1800 point sources in common between MegaCam and SuprimeCam. We are mostly interested in objects with 0.65 (g−i) 1.4 because this is the colour range populated by extragalactic GCs, as we will discuss below. In this specific colour-magnitude range, the root-mean-square (rms) of the magnitude difference is rms(∆g) = 0.070 mag, rms(∆r) = 0.095 mag, rms(∆i) = 0.064 mag for the g, r, i filters respectively. The larger value of rms(∆r) is due to the relatively poor quality of the Suprime-Cam r-band image. No significant trend with (g − i) colours is observed in the colour range under investigation. We conclude that the magnitudes measured from MegaCam and from Suprime-Cam are in good agreement. We then combine the point-source catalogues from MegaCam and Suprime-Cam. If an object is present in both datasets, we weight-average its magnitudes in the three filters. If an object is present in only one catalogue, it is added to the final master catalogue without applying any magnitude correction. Lastly, we correct the final gri magnitudes for Galactic extinction using Ag = 0.087 mag, Ar = 0.060 mag, Ai = 0.045 mag, respectively (Schlafly & Finkbeiner 2011) .These values vary by 10 per cent across our field-of-view of interest. The combined MegaCamSuprime-Cam point-source catalogue consists of ∼ 20500 unique objects, including interlopers.
Globular cluster selection
We use two steps to extract bona-fide GCs from the point-source catalogue. We first exploit the HST/ACS catalogue to check where GCs lie in colour-colour and colour-magnitude space, and then we select GCs based on this comparison.
GCs are partially resolved in HST images. In NGC 4649 the average GC half-light radii are r h ≈ 2 pc , similar to what is found in other galaxies (e.g., Masters et al. 2010) . This means that even without spectroscopic confirmation, we can flag objects with apparent r h < 10 pc as GCs likely associated with NGC 4649, although some contamination is expected at faint magnitudes. From the ACS catalogue, we select GC candidates brighter than z = 23 mag and with R > 100 arcsec and we match them with our combined ground-based catalogue. We find roughly 500 objects in common. Then we look at the colour-magnitude and colour-colour diagrams of the point sources with ground-based photometry, and we highlight these 500 GCs with size confirmation. The result is shown in Figure 3 . We also matched the ACS catalogue with the 121 spectroscopically confirmed GCs from Hwang et al. (2008) , which will be discussed in Section 5. We found 84 objects in common, which are also shown in Figure 3 .
NGC 4649 GCs populate a well defined area of both the colour-magnitude and colour-colour diagrams. In the central panel of Figure 3 we see the well known GC colour bimodality and the blue tilt, which causes the most luminous blue GCs to bend towards redder colors (e.g., Spitler et al. 2006; Harris et al. 2006) . At the faint and bright GC selection limits we show, respectively, the expected turn-over magnitude (TOM) of the GC luminosity function (MTOM, i = −7.97 mag; Jordán et al. 2007 ) and the magnitude of ω Cen, the brightest star cluster in the Milky Way, for which we assume a magnitude Mi = −11.0 mag (i = 20.1 mag) obtained from Vanderbeke et al. (2014) adopting the distance of van de Ven et al. (2006) . A handful objects are indeed brighter than this magnitude. We will show that some of these are ultra compact dwarfs (UCDs) with spectroscopic confirmation (see §9).
On the bottom panel of Figure 3 we notice the same grouping of GCs in a narrow colour-colour range. The tail of objects at very red colours are Galactic red giant stars which enter the GC main sequence at (g − i) ∼ 1.4 mag and contaminate the sample. The objects at (g − i) 0.6 are Galactic blue young stars. Roughly 20 per cent of the GC candidates lie outside the selection box. This is due to photometric uncertainties and to the poor quality of groundbased photometry near the centre. Selecting only objects with z < 22 mag and with R > 200 arcsec, the fraction of outliers reduces to 3% .
Objects falling in the colour range highlighted in Figure 3 are flagged as GC candidates. Objects falling outside the selection box by less than 1σ are also flagged as GCs. We require a GC to be brighter than the turn-over-magnitude (i < 23.1 mag) and fainter than ω Cen. These selection criteria returned ∼ 4000 GC candidates, with a 14 per cent contamination rate based on the background value which will be computed in Section 4.
The colour distribution of the selected GCs is bimodal (top panel of Figure 3 ). To quantity this bimodality, we use the Kaye's Mixture Model (KMM) algorithm (Ashman et al. 1994 ) to fit a double-Gaussian to the GC colour distribution. This calculation was performed only on objects within 600 arcsec from the galaxy centre in order to prune the bulk of contaminants which populate the outer regions of the galaxy (see Section 4).
We find bimodality to be statistically significant with a p-value < 10 −4 . The blue GC subpopulation is fitted by a Gaussian which peaks at µ(g −i) = 0.83 mag, with a dispersion of σ(g −i) = 0.07 mag. For the red GC subpopulation, we find µ(g − i) = 1.08 mag, with a dispersion of σ(g − i) = 0.12 mag. For comparison, Faifer et al. (2011) found the following values based on Gemini/GMOS photometry: µ(g − i) = 0.78, σ(g − i) = 0.09, and µ(g − i) = 1.08, σ(g − i) = 0.11, for the blue and red subpopulations, respectively. The local minimum of the combined doubleGaussian is at (g − i) = 1.0 mag. This is the value adopted to separate blue and red GCs in our ground-based imaging.
PHOTOMETRIC RESULTS
We now use our photometrically-selected GCs to study two important relations: how the GC number density and the GC colours vary with radius. The first is an essential observable for dynamical modelling of galaxies, but it is also needed to quantify contamination from interlopers. The shape of the second relation is an important prediction of theories of the hierarchical growth of galaxies. 
Globular cluster surface density
We divide our sample into blue and red GCs at (g − i) = 1.0 mag. We count the number of GCs in elliptical annuli centered on NGC 4649 and we divide this number by the area of the annulus. Saturated stars, surrounding galaxies and chip gaps in the CHFT images were masked out. For each bin, we compute the Poissonian error using √ N / Area, where N is the number of objects per bin. As our ground-based imaging is incomplete near the galaxy centre, we supplement our data with the ACS GC surface density profile from Mineo et al. (2014) (their Figure 2) , which covers the innermost 5 arcmin of the galaxy. This was obtained selecting GCs brighter than z < 22.2 mag and it was renormalized to match the galaxy surface brightness. Therefore, the ACS surface density profile does not represent absolute counts of objects with z < 22.2. We construct the ground based surface density profile selecting GCs about 1 magnitude fainter with respect to ACS. To account for this normalization difference, we count the GCs selected with our criteria in the radial range 150 < R < 270 arcsec, and we compare it to the number of GCs from Mineo et al. (2014) (their Figure 2) in the same radial range. We find that a factor of 4.3 and 5.7 is needed to match the ACS-based surface density profile for the blue and red GCs respectively, with our ground-based surface density profiles.
The combined GC surface density profiles for the blue and red GCs are shown in Figure 4 .
At first glance, our results show the typical spatial features seen in other GC systems: the red GCs are more centrally concentrated, while the blue GCs are more extended (e.g., Bassino et al. 2006) . The flattening of the number density at large radii is due to contaminants (faint Galactic stars and unresolved galaxies), and marks the detectable boundary of the GC system. To quantify the background level bg, assumed to be constant across the entire image, we fit the blue and red GC data with a modified Sérsic (1963) :
where n is the Sérsic index and Ne is the surface density at the effective radius Re. The parameter bn is linked to n via bn = 1.9992n − 0.3271. The best fits to equation 1 are shown in Figure 4 . For the red GCs, we find Re = 4.1 ± 1.1 arcmin = 20 ± 7 kpc, n = 2.5 ± 0.5 and bg = 0.2 ± 0.1 objects/arcmin 2 . For the blue GCs, we find Re = 12.6 ± 7.1 arcmin = 60 ± 34 kpc, n = 2.4 ± 0.6 and bg = 0.23 ± 0.19 objects/arcmin 2 . Therefore the blue GC system is a factor of three more extended than the red GCs.
In Figure 4 , we also compare the GC spatial distribution with the surface density of the following tracers: (i) the stellar surface brightness profile of NGC 4649 in the V -band from Kormendy et al. (2009) ; (ii) the X-ray surface brightness profile from ROSAT (O'Sullivan et al. 2003) and from Chandra (Paggi et al. 2014) . In this case, we show a β-model best fit to X-ray data. The best fit is shown up to the radius where the Xray emission drops below the background level (∼ 4.8 arcmin) for the ROSAT data. (iii) Planetary nebulae (PNe) surface density data from Das et al. (2011) , with the caveat that these were obtained selecting objects within a cone aligned with the galaxy major axis. The three tracers were arbitrarily re-normalized in order to be compared with the GC surface density profiles.
We can see that the slope of the stellar and X-ray surface brightness is qualitatively similar to the slope of the red GCs, with the caveat that this similarity is dependent on the arbitrary normalization. X-ray haloes are usually more extended than the stellar component (Sarazin et al. 2001; Forte et al. 2005; . Results from Chandra and from ROSAT are consistent with each other. The similarity between stars-PNe and red GCs is expected if the galaxy bulge and the red GCs formed in a similar fashion at similar epochs (e.g., Shapiro et al. 2010) .
We follow the approach of to quantify the similarities between the distribution of GCs and X-ray gas. We fit the GC density profiles in Figure 4 with a β-model, which is a cored-power law described by I(r) ∝ r −3β+0.5 , where β is the power-law slope we are interested in. The background values bg derived above were taken into account during the fit. A fit to the ROSAT data returns βX = 0.56 ± 0.08 (O'Sullivan et al. 2003) . Using new deep Chandra data from Paggi et al. (2014) , one obtains consistent results with βX = 0.52±0.01. For the red and blue GCs, we find βR = 0.48 ± 0.03 and βB = 0.44 ± 0.05, respectively. In this case the larger uncertainty reflects the uncertainty on the GC background value. This exercise shows the outer slope of blue and red GCs are consistent within the errors, but the red GC profile is slightly steeper and more similar to the X-ray slope.
Globular cluster colour gradients
We study the radial variations of GC colours by combining HST and ground-based imaging. It is more efficient to calibrate both datasets to a common photometric colour and then merge them. We choose to transform the ground-based (g − i) to ACS (g − z) because this can be then be converted to metallicity through the conversion of Peng et al. (2006) .
As in the previous section, we match the objects in common between HST and the combined Subaru+CFHT catalogue. We require ACS sources to be partially resolved with sizes r h < 10 pc and magnitudes 19 < i < 22 mag. We only consider sources with galactocentric radius 100 < R < 400 arcsec because the groundbased imaging is unreliable within 100 arcsec. We find 241 objects obeying the above criteria. A weighted last-squares fit to the data returns the colour transformation we are interested in:
The best fit, along with the data, is shown in Figure 5 . The rms of the data with respect to the best fit line is 0.08 mag. The quality of the fit is satisfactory. We also convert the ACS g magnitudes to ground based g magnitudes. We find gACS = (0.62 ± 0.20) + (0.97 ± 0.01)g with an rms scatter of 0.09 mag. Similarly, we find zACS = (0.07 ± 0.25) + (0.99 ± 0.01)iACS, with a scatter of 0.13 mag. We apply eq. 2 to our ground-based GC catalogue and we merge this into the ACS catalogue. Repeated objects are counted once and priority is given to objects with ACS photometry. We construct the colour gradients by selecting (21 < z < 23) (consistently with Strader et al. 2013 ) to avoid contamination from interlopers at faint magnitudes and from the blue-tilt at bright magnitudes. We also clip objects within 5 arcmin of large galaxies in the field to avoid mixing their GC systems with that of NGC 4649. The results are shown in Figure 6 .
We can see that the ACS and ground-based datasets agree and that they are complementary to each other. We study the colour profiles out to ∼ 16 arcmin ∼ 80 kpc, as dictated by the background estimate from equation 1. This radius corresponds to 15 Re, where Re = 66 arcsec is the effective radius of the diffuse starlight.
We compute GC colour radial profiles using two different methods. First, we bin the data radially with a 5 kpc bin size for the innermost 20 kpc, and with a 10 kpc bin size for R > 20 kpc. For each bin, we fit a double Gaussian with KMM, and derive the blue and red colour peaks of the fitted Gaussians. Second, we smooth the colour distribution with a Gaussian kernel of 0.05 mag and we find the blue and red peaks of the resulting smooth distributions. This second method is model independent, whereas the first method requires assumptions that may not provide a realistic representation of the data. The results are shown in Figure  6 as filled points for the first method (KMM) and open points for the second method (smooth kernel), respectively. We also compare our results with the stellar metallicity profile from Pastorello et al. (2014) , converted from [Z/H] to (g − z) using equation B1 from Usher et al. (2012) .
We can see that the results in Figure 6 are not very sensitive to the method adopted to compute the colour peaks. Both the blue and the red GCs show negative gradients within ≈ 20 kpc, as already found in Strader et al. (2012) . Outside this radius, the colour gradients are consistent with being constant. The overall slope of the stellar colour profile is in good agreement with the results for the red GCs. This provides further evidence that stars from the galaxy spheroid and red GCs were assembled in a similar fashion, at least in the very central regions.
We quantify the gradients by fitting the function (g − z) = a log(R/Re) + b, where Re = 5.3 kpc is the stellar effective radius of NGC 4649. We fit all individual GC datapoints in Figure 6 up to 60 kpc to minimize contamination from background sources. We divide the two GC subpopulations by adopting a cut at (g − z) > 1.2 for the red GCs and (g − z) < 1.1 for the blue GCs, respectively. This is done to avoid mixing between the two GC subpopulations at intermediate colours. For the red GCs, we find a = −0.07 ± 0.01 and b = 1.44 ± 0.01. For the blue GCs, we find a = −0.005 ± 0.010 and b = 0.94 ± 0.01, indicating an overall shallower colour gradient with respect to the red GCs.
The red GC colour gradient is wiggly in the range between 10 and 20 kpc, suggesting the presence of substructures in the data D'Abrusco et al. 2014) , and it is very steep inside 10 kpc. This is due to a group of GCs with very red colours (g − z) > 1.5, which populate only the innermost 10 kpc of the galaxy.
SPECTROSCOPY
Our spectroscopic sample comes from three multi-object spectrographs: Keck/DEIMOS, MMT/Hectospec and Gemini/GMOS. The footprint of the observations of each instrument is shown in Figure 1 . The spectral coverage of the three spectrographs is diverse, but some spectral regions overlap. Figure 7 shows one of the nine GC spectra observed by all three spectrographs. In this section we describe the acquisition and reduction of the spectroscopic data.
Keck/DEIMOS
DEIMOS is a multi-object spectrograph mounted on the 10 meter Keck II telescope (Faber et al. 2003) . One DEIMOS mask covers 15×6 arcmin 2 on the sky and it can contain up to 150 slits. A total of four DEIMOS masks were observed around NGC 4649. Three masks were observed on 2012 Jan 17, and the fourth mask was observed on 2013 Jan 11. Slitmasks were designed giving priority to ACS GC candidates with size measurements. If no space-based photometry was available, slits were assigned to bright sample of GCs selected from the CFHT imaging discussed in Section 3. Suprime-Cam images were not yet available at the time of the mask design.
All observations were performed in sub-arcsec seeing conditions. The exposure time was 2 hours per mask. The instrument setup consisted of a 1200 l/mm grating, a dispersion of 0.33Å/ pixel, a slit width of 1 arcsec and the OG550 filter. With this setup the GC spectra cover the region from the Hα line (6563Å) to the Calcium Triplet (CaT) feature (8500-8700Å), with a median velocity accuracy of ∼ 15 km s −1 . The spectra were reduced with a dedicated pipeline, which returns calibrated, sky-subtracted onedimensional spectra (Cooper et al. 2012; Newman et al. 2013) .
GC radial velocities were measured with iraf/fxcor using thirteen stars of different spectral type as templates observed using the same set-up. The average velocity scatter between different stellar templates is ∼ 3 km s −1 for all four DEIMOS masks. The Doppler shift was computed solely from of the CaT lines, because the Hα line was not always covered with our instrument setup. The final GC radial velocity was taken as the average of the values from the thirteen stellar templates. The redshift-corrected spectra were inspected by eye to check that the CaT lines laid at the rest frame wavelength. The error budget on the velocity takes into account both the internal error given by fxcor and the scatter due to different stellar templates.
Gemini/GMOS
GMOS is a multi-object spectrograph and imager mounted on the 8-meter GEMINI telescopes (Hook et al. 2004 ). The GMOS camera has three 2048 × 2048 pixel CCDs with a scale of 0.07 arcsec/pixel and a field of view 5.5 × 5.5 arcmin 2 . GMOS was used to obtain spectra for globular clusters in five fields in NGC 4649 (see Figure1). GC selection was performed as described in Faifer et al. (2011) . GC spectroscopy for a field positioned near the galaxy center (Field 1) was obtained in May 2003 on Gemini North and was presented in Bridges et al. (2006) and , while spectroscopy for four additional fields (Fields 2-5) was obtained in the spring of 2010 on Gemini South and presented in this paper.
GC candidates for follow-up spectroscopy were selected using Sloan g ′ and i ′ images taken with GMOS-N in April 2002. Images were combined and median-filtered and run through iraf/daophot to . Spectrum of a globular cluster of NGC 4649 as seen from the three multi-object spectrographs used in this paper. Red is DEIMOS, blue is GMOS and green is Hectospec. Spectra are shifted to the rest frame wavelength. An arbitrary vertical offset is applied. Important absorption lines are labelled. Note that the Hectospec spectrum was corrected for telluric absorption, while the DEIMOS spectrum was not, which explains why the strong water absorption feature at ∼7700Å appears in the latter but not the former. The globular cluster's ID is D28. Its apparent magnitude is z = 20.3, and its radial velocity is 1160 ± 7 km s −1 .
obtain photometry for point-like objects. The instrumental photometry was calibrated using F555W and F814W HST/WFPC2 photometry. A final sample of globular cluster candidates was obtained using magnitude (9 < V < 22.5 mag) and colour (0.75 mag < V − I < 1.4 mag) cuts. Extended sources were eliminated by eye, leaving 250 globular cluster candidates. A GMOS multi-slit mask was made for Field 1 using the standard Gemini GMMPS software, containing 39 object slits.
For the Fields 2-3-4-5 (program ID GN-2010A-Q-37), GMOS images in the SDSS g ′ r ′ i ′ filters were taken in 2007A and 2009A to select GC candidates for multi-slit spectroscopy. Colour and magnitude cuts and image classification using SExtractor were used to obtain a final sample of GC candidates in each of the four fields. The GMMPS software was used to create multi-slit masks, and with the use of filters to restrict wavelength coverage, we were able to put slits on between 48 to 69 globular cluster candidates in the four fields. Some marginal objects were included to fill the mask, and we also placed some slits on the diffuse galaxy light.
Spectroscopy for Field 1 (program ID GN-2003A-Q-22) was obtained using GMOS-N in multi-slit mode in May and June 2003. A total of 8 × 1800 sec exposures were obtained with a central wavelength of 5000Å, and 8 × 1800 sec were obtained with a central wavelength of 5050Å, giving a total of 8 hours on-source time. We used the B600 grating, giving a dispersion of 0.45Å/pixel, a resolution of ∼ 5.5Å, which corresponds to 320 km s −1 velocity resolution. Spectral coverage was typically from 3300−5900Å, and the seeing ranged from 0.65 to 0.9 ′′ over the four nights of observation. Bias frames, dome flat-fields and CuAr arcs were also taken for calibration.
Spectroscopy for the remaining four fields was obtained at GMOS-S in the spring of 2010. We obtained between 5 to 7.5 hours on-source per field, and conditions were good with seeing between 0.5 and 1.0 arcsec.
Data reduction was carried out using the Gemini/GMOS IRAF package, and consisted of the following steps: (i) a final spectroscopic flat-field was created; (ii) object frames were bias-subtracted and flat-fielded; (iii) the arc frame was reduced and used to establish the wavelength calibration; (iv) object frames were wavelength calibrated and sky-subtracted; (vi) 1D spectra were extracted from each object frame and median combined.
Iraf/fxcor was used to obtain radial velocities for each object via cross-correlation, using the MILES spectral library (Sánchez-Blázquez et al. 2006) as template. In this case, the template with the highest cross-correlation coefficient was used, although the relative scatter between templates was ∼ 4 − 5 km s −1 , well within the measurement errors.
Before accounting for overlaps, there were ∼ 185 objects with reliable velocities in fields 2-3-4-5. Astrometry and photometry for this sample were obtained from Faifer et al. (2011) . Globular clusters from Field 1 were then added to this list, and objects observed in more than one field were identified.
MMT/Hectospec
Hectospec is a multi-fibre spectrograph mounted on the 6.5 meter MMT telescope (Fabricant et al. 2005) . It has a 0.78 deg 2 field-ofview which can be filled with up to 300 fibers.
GC candidates were selected from the MegaCam and ACS images. Bright objects at large radii were favoured, although this naturally increases the contamination from Galactic stars. Due to the wide Hectospec field-of-view, GC systems in galaxies surrounding NGC 4649 (like NGC 4621 and NGC 4638) were also observed. Therefore, some contamination is expected from these galaxies.
One single Hectospec field was observed on May 16 and May 19, 2012, using a 270 l/mm grating, with a dispersion of 1.21 Apixel, and a spectral resolution of ∼ 5Å, which corresponds to a velocity resolution of ∼ 300 km s −1 . Raw data were reduced as described in Mink et al. (2007) . Heliocentric radial velocities were measured by cross-correlating the science spectra with a Hectospec template of an M31 GC. Er-rors were estimated through Monte Carlo simulations with an additional 8 km s −1 to account for the wavelength calibration (see also Strader et al. 2011 ).
OUTCOME OF THE SPECTROSCOPIC FOLLOW-UP
We observed ∼ 600 objects with DEIMOS, targeting ∼ 500 photometrically selected GCs. We found 304 spectra (including duplicates between masks) consistent with the systemic velocity of NGC 4649. 23 additional GCs were discarded as "marginal" because the team could not reach a consensus on whether or not the features seen in their spectra were actual spectral lines. In addition, we found 13 Galactic stars and 56 background galaxies. The latter were identified via the strong emission lines in their spectra. However we do not measure the redshift of background galaxies. The remaining slits were unclassified, because the signal-to-noise was too low to retrieve any physical information from the spectrum. After accounting for repeated objects, the median velocity uncertainty of the DEIMOS GC sample is ∆v = 11 km s −1 . We observed a total of 187 objects with Gemini/GMOS, finding 172 extragalactic GCs, 14 Galactic stars and 1 background galaxy. The 172 GCs also include the 38 GCs observed by . GMOS maps the innermost 6 arcmin of NGC 4649 and it overlaps nicely with the DEIMOS field-ofview. The median velocity uncertainty of this sample is ∆v = 12 km s −1 . We observed 478 objects with Hectospec, and we found 102 extragalactic GCs (including duplicates), 157 background galaxies and 119 Galactic stars. The remaining fibres were unclassified. The median velocity uncertainty of this sample is ∆v = 14 km s −1 , but in Section 7 we will explain that the effective uncertainty is larger than this value.
REPEATED MEASUREMENTS
We quantify how the radial velocity of a given GC compares to the radial velocity of the same GC observed over multiple spectrographs. We denote radial velocities from DEIMOS, GMOS and Hectospec wih vD, vG and vH respectively. The uncertainties of the repeated objects are the sum in quadrature of the uncertainties of the single objects. The comparison between the three catalogues is illustrated in Figure 8 and discussed in the followings.
Duplicates from the same spectrograph
We find 26 and 33 GCs repeated across different DEIMOS and GMOS masks, respectively. For DEIMOS, the weighted-mean of the velocity difference of the objects in common is vD − vD = −0.6 km s −1 , with an root-mean-square difference rms= 10 km s −1 . We conclude that the DEIMOS radial velocities are robust, and no additional velocity offset is needed.
For GMOS, we find field to field offsets in the range | vG − vG | = 25 − 40 km s −1 , which probably reflects the different instrument set-ups of the five GMOS fields. The repeated radial velocity measurements from the five fields are generally consistent within 2σ. We decided to simply average the repeated GMOS GCs with no rigid offset, and use the comparison with the DEIMOS sample to renormalize the velocity uncertainties of the GMOS sample (see §7.3). 
Duplicates from different spectrographs
There exist 67 GCs in common between the DEIMOS and GMOS catalogues. This sample has vD − vG = −0.6 km s −1 , and the root-mean-square is rms= 23 km s −1 . The DEIMOS and Hectospec samples have 21 GCs in common. The average velocity difference is vD − vH = 9.3 km s −1 , with a scatter of rms= 30 km s −1 . Lastly, we compare the GMOS and Hectospec catalogues. In this case the average velocity difference is vH − vD = −6 km s −1 , with rms= 43 km s −1 . In the bottom panel in Figure  8 it is clear that some of the 25 objects in common between these two catalogues, scatter up to 5σ from each other.
Calibration of velocity uncertainties
By comparing radial velocities from different instruments we have seen that the average velocity difference is generally small (< 15 km s −1 ), comparable to our DEIMOS uncertainties. However, the large scatter in ∆v compared to the small error bars of the single datapoints, implies that the velocity uncertainties of GMOS and Hectospec catalogues are probably underestimated with respect to those of DEIMOS. Therefore, we need to re-normalize the velocity uncertainties of the first two spectrographs to those of DEIMOS.
We follow the method of Strader et al. (2011), and we mul-tiply the uncertainties of the GMOS and Hectospec by a factor τ until the χ 2 difference between the velocities of the two catalogues is χ 2 ∼ 1. This normalization counts as a first-order correction to the velocity inconsistencies discussed above. We find that GMOS uncertainties need to be inflated by a factor of τ = 1.6 with respect to DEIMOS. Once the uncertainties have been normalized, we weight-average the radial velocities of the GCs in common and we add the unique GMOS GCs to the DEIMOS catalogue. No rigid velocity offset has been applied to the GMOS velocities, as this is negligible ( vD − vD = −0.6 km s −1 ). Next, we compare the combined DEIMOS+GMOS catalogue to Hectospec. We renormalize the uncertainties of the Hectospec GCs by a factor of τ = 2.4. Also in this case the velocity difference between the two datasets is negligible ∆v = 5 km s −1 , therefore no offset is applied. We merge Hectospec to the master catalogue following the above procedure. Our master catalogue is composed of 447 spectroscopically confirmed stellar objects (GCs, UCDs and dwarf galaxies).
BUILDING UP THE SPECTROSCOPIC MASTER CATALOGUE
Before proceeding, we assign photometric measurements (i.e. magnitudes and sizes) to all confirmed objects. We match the position of confirmed GCs with all sources, both point-source and extended, extracted from ground based and HST imaging. We transform the ground based colours of the confirmed GCs from (g − i) to (g − z) using Equation 2. This is more convenient than transforming (g−z) to (g − i) because 60 per cent of the confirmed GCs have ACS photometry.
Clipping GCs from neighbour galaxies
The large field-of-view of Hectospec allows us to confirm GCs in some galaxies near NGC 4649 (see Figure 1 ). These GCs are treated as interlopers because they do not follow the gravitational potential of NGC 4649. The galaxies which may contaminate our sample are (from Cappellari et al. 2011) : NGC 4621 (vsys = 467 km s −1 ), NGC 4638 (vsys = 1152 km s −1 ), NGC 4647 (vsys = 1409 km s −1 , from NED), NGC 4660 (vsys = 1087 km s −1 ). We remind the reader that NGC 4649 has vsys = 1110 km s −1 ). Of the 7 GCs around NGC 4621, five are probably associated with this galaxy because their radial velocities are very similar to that of this galaxy as we will show in Section 9. The remaining two GCs (those in the NGC 4649 direction) have radial velocities consistent with NGC 4649 and they probably belong to this galaxy. Using geometrical criteria, we find 4 GCs associated with the elliptical galaxy NGC 4660.
We flag one GC as a member of NGC 4638 because it is very close to the center of this galaxy. However, the membership of this GC is impossible to confirm because the systemic velocity of NGC 4638 is almost identical to that NGC 4649.
GCs belonging to the spiral galaxy NGC 4647 (2.6 arcmin from NGC 4649) may also contaminate our GC sample. However, Strader et al. (2012) estimated that only ∼ 10 objects in their GC catalogue are actually associated with NGC 4647. From our spectroscopic GC catalogue, we exclude one GC because of its proximity to NGC 4647 and because the spiral arms compromise the photometry of this object.
Clipping surrounding galaxies
In addition to GCs, we also measured radial velocities for some dwarf galaxies in the field.
With DEIMOS and GMOS, we observed the dE VCC 1982 (v = 945 ± 4 km s −1 ) and the nucleated dE VCC 1963 (v = 1090 ± 13 km s −1 ). For comparison, found velocities of 976 ± 42 km s −1 and 1027 ± 53 km s −1 , respectively. We also obtained a radial velocity for a very low surface brightness nucleated dEs (ID 81 from Sabatini et al. 2005) . We found its radial velocity to be v = 1186 ± 22 km s −1 . With Hectospec, we observed two dwarf galaxies present in the photometric catalogue of Grant et al. (2005) . The first, is the nucleated dE VCC 1951, for which we find v = 1089±32 km s −1 , consistent with the measurement from SDSS DR10 v = 1106 ± 13 km s −1 . The second, is the dE VCC 1986, for which we measure the redshift for the first time, finding v = 850 ± 37 km s −1 . The object M60-UCD1 is also treated as a galaxy and excluded from our sample .
One GC is only 7 arcsec away from a faint dwarf galaxy without spectroscopic confirmation, but we assume this is a projection effect and that these two objects are not physically connected. The same assumption was adopted for another GC which is ∼ 8 arcsec away from the centre of a small galaxy without a redshift measurement (J124334.56+112727.3 from SDSS DR8).
Additional GC datasets
We searched the SDSS archive for point sources with spectroscopic confirmation within 1 deg from NGC 4649. We found one unique object, which we added to our master catalogue, consistent with being a GC associated with NGC 4649 (ID SDSSJ124349.56+113810.3). We found four other GCs with SDSS spectroscopic confirmation, but these were not added to our catalogue because they already observed and confirmed with Hectospec. published radial velocities for 93 GCs using CFHT/MOS with a median velocity uncertainty of 50 km s −1 . Their observations explored an area ≈ 14 × 14 arcmin 2 , which overlaps the spectroscopic observations from our paper. In fact, we found 61 GCs in common between our spectroscopic master catalogue and Lee et al.'s dataset. The median velocity difference is 38 km s −1 , with an rms of rms=156 km s −1 . A more careful inspection of the dataset, shown in Figure 9 , reveals that the large rms value is driven by two objects (ID 201 and ID 226 using Lee et al. nomenclature) which scatter up to 600 km s −1 or (5σ) from the ideal ∆v = 0 km s −1 line. Removing these two extreme objects, the velocity difference rms decreases to 113 km s −1 , still a factor of two larger than measured in our dataset.
The magnitude of this effect is comparable to that of the outliers found in M 87 by Strader et al. (2011) when comparing to the CFHT/MOS dataset of Hanes et al. (2001) . We investigated the reason for this offset. We excluded mismatch because the outliers are not in overcrowded regions. We excluded a low signal-to-noise issue, because the two objects have intermediate magnitudes and because fainter duplicates have radial velocities in reasonable agreement with our dataset. As we could not identify the reason for this disagreement, we decided not to include the Lee et al. dataset in our DEIMOS catalogue because additional unknown outliers amongst the 32 unique Lee et al. GCs might skew our GC kinematic results. . The plot is the same as Figure 8 , but for our combined spectroscopic master catalogue versus the CFHT/MOS GC dataset of . Two objects scatter up to 700 km s −1 with respect to the ∆v = 0 dashed line.
OVERVIEW OF THE SPECTROSCOPIC CATALOGUE
We compile a list of 448 unique spectroscopically confirmed objects around NGC 4649. After clipping dwarf galaxies and GCs from neighbour galaxies, we are left with 431 unique GCs belonging to NGC 4649. The spectroscopic catalogue is given in Table  2 . In the following, we review different projections of our parameter space, which involves photometric quantities (magnitude and colours) as well as physical quantities, such as the radial velocity and the physical size.
Spatial distribution
We start by looking at the positions on the sky of all confirmed objects ( Figure 10 ). We confirm GCs up to 100 kpc from NGC 4649. DEIMOS and GMOS contribute to the GCs in the innermost 30 kpc, whereas all objects outside this radius are from Hectospec. In the outermost regions, mostly blue GCs are confirmed as expected from the shape of the GC surface density profile.
From Figure 10 is also clear that the GC systems of nearby galaxies are spatially separated from NGC 4649. Additional contamination from these galaxies is unlikely. The paucity of data in the immediate North-West of NGC 4649 is due to NGC 4647, which prevents us from detecting any source.
Globular cluster velocity distribution
In Figure 11 we plot the GC velocity distribution vs. galactocentric distance. This diagram is useful for identifying outliers which may scatter from the GC system velocity distribution. The latter is shown in the right panel of Figure 11 . The skewness and kurtosis of the GC velocity distribution (excluding GCs from other galaxies) are s = −0.05 ± 0.11 and κ − 3 = −0.21 ± 0.23, respectively, suggesting Gaussianity. This is reassuring because we will invoke Gaussianity later on. If we consider only GCs within the innermost 100 arcsec, we estimate the systemic velocity of the GC system to be vsys = 1115 ± 28 km s −1 , very consistent with literature values for NGC 4649.
We bin the GCs by radius and calculate σ, which is the standard deviation of the binned velocities with respect to the systemic velocity of the galaxy. This allows us to draw a 3σ envelope as a tool to flag GCs deviating more than 3σ from the local GC velocity distribution. As can be seen in Figure 11 , none of the objects shows such a deviation..
The velocity distribution of GCs is distinct from that of Galactic stars and from background galaxies. Therefore, a velocity cut at v = 400 km s −1 ensures no contamination from Galactic stars. We note that for R > 700arcsec, the majority of GCs have blue-shifted radial velocities. Within R = 200 arcsec, neither Galactic stars nor background galaxies were found thanks to the superior spatial resolution of ACS.. Confirmed GCs from other galaxies are clustered around the systemic velocity of the host galaxy. Figure 12 illustrates how some physical and photometric properties correlate with the observed GC colour. The quantities that we explore are the magnitude, the physical size r h and the radial velocity v.
Trends with colour
In the top panel we plot the colour histogram of all the HST candidates compared to the outcome of our spectroscopic followup. The overall colour distribution is well sampled with confirmed GCs. Bimodality is preserved, albeit there may be a deficit of redder GCs.
The correlation of colours with velocity (Panel b) suggests that the blue GCs scatter with respect to vsys more than the red GCs. In other words, the velocity dispersion is larger than that of the red GCs. We will quantify this statement in the next section.
Panel c shows how colour correlates with size. The average GC size of the sample is r h ≈ 2 pc. We confirm 10 objects with r h > 10 pc. We note that the catalogue of Strader et al. (2012) lists 22 objects with r h > 10 pc, therefore our return rate is about 50 per cent. We confirm all three objects with r h > 20 pc, two of which were already confirmed in . The paucity of UCDs in this galaxy prevents us from any kinematic analysis of the UCD sample. We define UCDs as objects brighter than ω Cen and with r h > 10 pc, where we have adopted the size cut adopted by Brodie et al. (2011) or Zhang et al. (2015) . It is interesting that very extended objects are either the reddest, or the bluest. Among the blue objects, only 2 can be defined as "classic" UCDs, because along with being larger than GCs, they are also bright (Mz < −11.0 mag). The remaining blue objects have intermediate magnitudes and are the faint UCDs discussed in Brodie et al. (2011) . Regarding the confirmed extended objects with red colours (four in total), these are generally fainter than z > 21, and never larger than r h = 20 pc. These objects are more likely linked to faint-fuzzies (Brodie & Larsen 2002) .
Lastly, the bottom panel shows the colour-magnitude diagram of both candidate and confirmed GCs. We notice that some are brighter than ω Cen (see also Figure 3 ). The M60-UCD1 object has z = 15.6 mag and is not visible in the plot. The blue-tilt is clearly visible, as well as the fact that the red subpopulation has a larger colour spread compared to the blue subpopulation. We note the presence of ∼ 10 objects with z < 20 mag and unusually blue colours (g − z) < 0.95 mag, which are found outside the ACS field-of-view and therefore lack of size information. It will be interesting to determine why these objects do not tilt towards redder − z) colours of the spectroscopically confirmed GCs (large grey points) and of the HST GC catalogue (small black points). Coloured points are confirmed GCs from other galaxies as defined in Figure 11 . The vertical line marks the separation between blue (on the left) and red GCs (on the right). Objects with groundbased photometry lack size measurements, and they were given r h = 100 pc, as can be seen in Panel colours like to bulk of blue GCs. We defer such analysis to a future paper.
KINEMATICS
So far, we have qualitatively discussed some properties of the spectroscopic sample, with no assumptions about the shape of the GC velocity distribution. This has suggested that blue and red GCs have different properties, as found in other GC systems (e.g., Schuberth et al. 2010a; Pota et al. 2013) . We now quantify these findings and we derive physical quantities capable of characterizing the kinematics of the NGC 4649 GC system. We are interested in its rotation amplitude vrot, velocity dispersion σ, kinematic position angle θ0, and root-mean-square velocity dispersion vrms.
Method
We start by calculating the root-mean-square velocity dispersion profile vrms, which measures the standard deviation of GC radial velocities from the systemic velocity of the galaxy:
where ∆vi is the measurement uncertainty of the i-th GC. Uncertainties on vrms are obtained using the formula of Danese et al. (1980) . The vrms can be thought of a measure of the specific kinetic energy of a system v 2 rms ≈ v 2 rot + σ 2 and does not require any assumption about the detailed velocity distribution of the sample. However, we are also interested in the relative weights of vrot and σ in the final value of vrms, which cannot be deduced from equation 3.
Therefore, in order to estimate σ, vrot and P A kin , we adopt a model for the GC kinematics. This approach comes at the cost of assuming that the line-of-sight velocity distribution is Gaussian, but we have shown that this is a reasonable assumption to a first approximation.
We use the rotation model Proctor et al. 2009 ):
where vrot is maximum amplitude of the sine curve; σ is the standard deviation of the data points with respect to v mod ; the signs + and − are applied if the PA lies inside or outside the range (θ − θ0) = [−π/2, +π/2], respectively; q = 0.84 is the axial ratio of the GC system, assumed to be the same as that of NGC 4649. To find the set of (vrot, σ, P A kin ) that best reproduces the data, we minimize the log-likelihood function (i.e. the χ 2 function) (Bergond et al. 2006; Strader et al. 2011) :
where σ is the standard deviation of the datapoints with respect to the model. Uncertainties are derived with "bootstrapping". We randomize the sample of interest 1000 times and we fit the data with equations 4 and 5 each time. We then infer the 68 per cent (1σ) error from the cumulative distribution function of each free parameter.
Independent tracers: stars and planetary nebulae
It is interesting to compare our GC kinematics results with those from two independent kinematic tracers: diffuse starlight from Foster et al. (2015) and planetary nebulae (PNe, Teodorescu et al. 2011) .
The stellar data extend out to 2Re. We do not compare our results with long-slit or integral-field-unit data because these extend out to ∼ 0.5Re and they do not overlap with our GC data in the innermost regions.
The PNe dataset consists of 298 objects. The PN that is furthest from the galaxy centre is at 400 arcsec, which corresponds to the radial extent of the DEIMOS GC sample. We infer the kinematics of PNe using equations 3 and 4, as done for GCs. Following Teodorescu et al. (2011) , an average measurement uncertainty ∆v = 20 km s −1 is assumed for all PNe. The kinematics and spatial distributions of stars and PNe have been shown to be similar Napolitano et al. 2009 ) because they are different manifestations of the same stellar population. It is less clear how the properties of PN systems generally compare with those of the GC system within the same galaxy (Woodley et al. 2010; Foster et al. 2011; Pota et al. 2013; Coccato et al. 2013) .
KINEMATIC RESULTS
We divide our sample into two subsamples. The "GC" sample is made by objects with i > 20 mag. We also require sizes r h < 10 pc for the blue GCs ((g − z) < 1.2), if available, and r h < 20 pc for the red GCs in order to include faint-fuzzies as part of the red GC sample. This choice is motivated by the findings that faint fuzzies are associated with galaxy disks Forbes et al. 2014 ), although it is unclear if NGC 4649 possesses an embedded disk, as we discuss in Section 12. If physical sizes are not available, the object is still included in the GC sample if the magnitude criterion is satisfied. This GC sample includes classic GCs fainter than ω Cen, reflecting our attempt to prune from the sample extended objects without size measurements, but it may also include faint extended objects with no size measurements. The "bright" sample includes objects with z < 20 mag with no constraints on the size, and represents bright GCs and UCDs.
Each group is divided into blue and red GCs adopting a conservative colour cut at (g − z) = 1.2 mag. This choice introduces mixing between the two GC subpopulations for (g −z) ∼ 1.2±0.1 mag. Therefore, we also investigate the effects of the colour cut on the results by selecting blue GCs with (g − z) < 1.1 mag and red GCs with (g − z) > 1.3 mag, respectively.
We start with a sample of 431 GCs. We exclude one isolated GC at 1500 arcsec from NGC 4649, and one GC because of its proximity to a bright star, which affects the magnitude measurements. In summary, we analyse the kinematics of a sample of 429 objects around NGC 4649.
The rms dispersion profile
We compute the GC vrms velocity dispersion profile in radial bins with roughly 50 objects per bin. For the stars, we compute v 2 rms = v 2 rot + σ 2 , using the tabulated values from Foster et al. (2015) . We calculate vrms for GCs and PNe in rolling radial bins with 50 objects per bin. The results are shown in Figure 13 . The vrms profiles from the three tracers are diverse. The red GC vrms profile decreases monotonically with radius, whereas the vrms profile of blue GCs and PNe are bumpy and akin to each other, which is unexpected when compared to other galaxies.
We also note that the PNe results agree with the stellar vrms profile in the region of overlap. On the other hand, the results for the red GCs seem to be systematically larger compared to the stars. It is unclear if this effect is real, or is due to unknown systematics in the spectroscopic measurements (e.g., Arnold et al. 2011 ). This result is still significant when a more extreme GC colour cut is adopted. 
Results from the kinematic modelling
The best fit parameters to eq. 4 for GCs and PNe sample (without any radial binning) are given in Table 3 . GCs from surrounding galaxies are discarded from the analysis.
Kinematic radial profiles
Radial kinematic profiles for GCs, PNe and stars, are shown in Figure 14 . We show running average profiles, with ∼ 40 GCs per bin. Focusing on the red GCs (left panels), this sample shows a nearly constant rotation with radius. The rotation axis is very consistent with the photometric major axis of the galaxy (P A kin ≈ 270 deg). The velocity dispersion is bumpy and decreases with radius. The dip in rotation velocity between 100 and 200 arcsec is intriguing and it will require future in-depth analysis. One possibility is that this feature is spurious because it occurs in the radial range where the spiral galaxy NGC 4647 prevents us from detecting GCs, therefore biasing the kinematic fit (see also Figure 10 ). Alternatively, the velocity dip may be real and linked to the recent interaction between NGC 4649 and the galaxy remnant M60-UCD1 (Seth et al. 2014) , which lies at about 90 arcsec (7.2 kpc) along the minor axis of NGC 4649.
The blue GCs (middle panels) also show hints of rotation at all radii. The rotation amplitude is lower with respect to the red GCs. As with the red GCs, the rotation direction is generally consistent with the major axis of the galaxy. Minor axis counter-rotation is also detected at 300 arcsec. The velocity dispersion is constant at σ = 240 ± 30 km s −1 , and higher than that of the red GCs, as found in other galaxies. The GC kinematic results are generally independent of the colour cut, as shown by the open points in Figure  14 .
Lastly, the PNe (right panels) show a nearly constant rotation profile, but the kinematic position angle twists with radius, as found by Coccato et al. (2013) . The velocity dispersion profile overlaps nicely with the stellar results in the innermost regions. We see a σ-bump at 100 arcsec, and a declining velocity dispersion profile intermediate between the results for the blue and red GCs. Figure 14 shows that the three kinematic tracers are similar to each other in some aspects, e.g., rotation axis and rotation amplitude, but their velocity dispersions behave very differently. The . Grey points are stellar data from Foster et al. (2015) . Each panel represents a solution to equation 4 for a given kinematic tracers. From the top to the bottom we show the rotation velocity vrot, the velocity dispersion σ with respect to vrot, and the kinematic position angle P A kin . Rotation occurs near the major axis at P A ∼ 270 deg (marked with a black line). The dashed line indicates rotation along the minor axis. Running averages are performed with ∼ 35, 40, 45 objects bin for red GCs, PNe and blue GCs, respectively. The co-moving step is 5 objects. Rotation along the major axis is detected at all radii.
sample size of the bright group is too low to compute radial profiles. However, the azimuthally averaged quantities from Table 3 indicate no significant difference between this group and the results discussed above.
Kinematic colour profiles
We have shown that the kinematic modelling results are not very sensitive to the assumed colour cut. We now bin the data by colour, rather than by galactocentric radius, and measure the azimuthally averaged kinematics of the objects within a certain colour bin. This exercise is independent of the colour cut. The results are shown in Figure 15 in the form of co-moving bins with 50 objects per bin. Comparison with the colour GC gradients in Figure 6 and Figure  14 is informative.
The results in Figure 15 show a double-peaked rotation pattern corresponding to the rotation of the blue and red GCs. The central panel shows a declining velocity dispersion in the range 0.8 < (g−z) < 1.0 mag, which flattens at redder colours. More interestingly, the GCs with (g − z) > 1.55 mag have a large velocity dispersion and negligible rotation, because they are very centrally concentrated (see Figure 6 ). The rotation is consistent with the photometric major axis of the galaxy. On the other hand, minor axis rotation is suggested for a group of blue GCs with (g−z) ∼ 0.9±0.1 mag, as detected at intermediate radii (Figure 14) .
DISCUSSION
NGC 4649 is a normal looking elliptical galaxy with a relatively normal GC system. From a photometric point of view, we have shown that the GC system of NGC 4649 presents typical features seen in other elliptical galaxies of similar mass. We confirm statistically significant GC colour bimodality, as found in earlier work on NGC 4649 Faifer et al. 2011; . The GC specific frequency within 50 kpc SN = 3.5 ± 0.1 (Faifer et al. 2011 ) is consistent with values obtained for galaxies of similar mass (Peng et al. 2008) . The two GC subpopulations have different spatial distributions (with the blue GCs being more extended than the red GCs) and negative colour gradients in the innermost regions.
From a kinematic point of view, the GC system of NGC 4649 is less normal when compared to other systems, because of the significant rotation detected at all radii for both GC subpopulations, which is a rare occurrence in elliptical galaxies of this mass. In what follows, we discuss possible formation scenarios for NGC 4649 based on the results from this paper and additional data from the literature.
Comparison with simulations
We start by looking at the innermost stellar kinematics in NGC 4649. We use the tools given by Naab et al. (2014) to link the observed innermost stellar kinematics from ATLAS 3D with simulated galaxies with known formation histories at z = 0. NGC 4649 is classified as fast-rotator by Emsellem et al. (2011) , with parameter 2 λe = 0.127 within 1Re and ellipticity ǫe = 0.156. New extended stellar kinematics data from Foster et al. (2015) , have shown that the value of λ rises up to 0.6 at 2.5 Re, meaning that the galaxy becomes more and more rotation dominated in the outer regions. Moreover, we find that:
• The pixel-by-pixel values of V /σ (where V is the observed radial velocity) is weakly anti-correlated and correlated h3 and h4, respectively. The Pearson coefficients for the ATLAS 3D data are ρ V /σ,h 3 = −0.08 and ρ V /σ,h 4 = 0.24. This is shown in Figure  16 , where we show both ATLAS 3D data and DEIMOS stellar data from Foster et al. (2015) within 1Re. The parameters h3 and h4 describe the shape of the line-of-sight velocity distribution within a given spaxel. The correlation with V /σ is indicative of axisymmetry or of the presence of a disk.
• The stellar velocity dispersion is peaked at the centre, and decreases with radius (see Figure 14) .
• Isophotes are elliptical (not disky) and there is no evidence of an embedded stellar disc (Kormendy et al. 2009; Vika et al. 2012 ).
According to the recipe of Naab et al. (2014) , galaxies with the above properties formed via one late (z < 1) gas-poor major merger and many more minor mergers. Major mergers here are meant as those with up to 1:4 mass-to-mass ratio. Less than 18 per cent of the stellar mass formed in-situ, owing to the relatively low amount of gas involved in the merger. The remaining mass fraction, the one which makes up most of the stellar halo, was accreted via minor mergers. The strength of the correlation between h3, h4 and V /σ can be linked to the amount of gas involved in the merger (Hoffman et al. 2009 ). However, the observed correlations in Figure 16 are not strong, and therefore we cannot constrain the amount of gas, if any, involved in the major merger.
In principle, the observational properties listed above are also compatible with a gas-rich major merger remnant, but these remnants are usually less massive than log M * = 11.3M ⊙ and they have disky isophotes, whereas NGC 4649 has log M * = 11.7M ⊙ (Cappellari et al. 2013) and no strong evidence for a stellar disk (Vika et al. 2012 ). Spectral energy distribution fitting of NGC 4649 implies an average stellar age of 9.5 Gyr, no recent star formation and negligible gas content (Amblard et al. 2014) .
Further evidence supporting a dry major merger formation pathway for NGC 4649 comes from the deficit of stellar mass (M def ) at the centre (Lauer et al. 2005; Kormendy et al. 2009 ). The interaction between two supermassive black holes (SMBHs) during a dry merger can evacuate stars from the central regions of the galaxy (Merritt 2006) . If the mass of the SMBH of the merger remnant is known MSMBH, the value of M def can be connected to the number N of dry mergers that a galaxy has undergone, such that M def /MSMBH ≈ 0.5 per merger. Dullo & Graham (2014) inferred M def /MSMBH = 1.22 for NGC 4649, meaning that this galaxy underwent the equivalent of ≈ 2.5 dry major mergers during its assembly, in general agreement with the predicted merger rate of galaxies with comparable stellar mass (Conselice & Arnold 2009; Khochfar et al. 2011; Naab et al. 2014) .
In summary, formation via dry major mergers and accretion can qualitatively reconcile the central stellar kinematic profiles with predictions from galaxy formation simulations. We now consider whether this picture is also consistent with the GC constraints discussed in this paper.
As discussed above, rotation in elliptical galaxy outskirts can be interpreted as the dynamical imprint of a major merger between two rotating disk progenitors Cretton et al. 2001; Vitvitska et al. 2002; Bekki et al. 2005; Bournaud et al. 2007) or between two pressure-supported spheroids (Di Matteo et al. 2009a) . The rotation of GCs (and other trace particles) in galaxy outskirts is also expected to have increased after a major merger (Bekki et al. 2005; McNeil-Moylan et al. 2012 ). This effect can be quantified through the ratio (vrot/σ), which we show in Figure 17 for stars, GCs and PNe.
The left panel of Figure 17 shows that stars have an increasing (vrot/σ) profile, whereas red GCs and PNe follow a bumpy pattern. We note that (vrot/σ) is always < 1, and that the profiles seem to decline outside 20 kpc, which may indicate the turning point of the galaxy rotation curve. On the other hand, the blue GCs (right panel) have less rotation compared to other tracers, with a rising (vrot/σ) profile at large radii.
Results for the stars are compared with the predicted (vrot/σ) profile of a gas-rich major merger (Cretton et al. 2001 ) and of a gas-poor major-merger (Di Matteo et al. 2009a ). Both simulations can reproduce the increasing stellar vrot/σ profile in the region of overlap. The predicted vrot/σ keeps rising with radius, whereas our data show a more irregular rise towards higher vrot/σ.
Similarly, the vrot/σ profile of GCs is compared with the dissipationless major mergers simulations from Foster et al. (2011) (thick lines in Figure 17 ). These simulations can qualitatively reproduce the maximum vrot/σ of blue and red GCs results for a wide range of orbital configurations (see Table C1 in Foster et al. 2011) . Therefore, the radial increase of vrot/σ for the GC is qualitatively consistent with a dry major merger picture. We note that kinematic predictions for GC kinematics in gas-rich major merger remnants are currently not available in the literature (Kruijssen et al. 2012) . Schauer et al. (2014) showed that major merger simulations predict that the velocity dispersion profile of the kinematic tracers of the remnant should be "bumpy" at intermediate radii. This is a permanent feature within the galaxy, and it has been observed in some systems (e.g., Pota et al. 2013) . We find that the velocity dispersion of red GCs and PNe in NGC 4649 is bumpy, especially at ∼ 100 arcsec (see Figure 14) . By extrapolating the stellar velocity dispersion profile at large radii, we estimated that the bumps have an amplitude of ≈ 50 km s −1 , in general agreement with the predictions of Schauer et al. (2014) .
It is known that a galaxy's metallicity profile can be continuously reshaped during its life cycle. Dissipative collapse tends to create steep metallicity radial profiles (Pipino et al. 2010) , whereas major mergers can steepen or flatten metallicity gradients, depending on the initial conditions of the progenitors (Font et al. 2011) . Similar results can also be achieved through dissipationless major mergers (Di Matteo et al. 2009b ). Other processes, such as AGN feedback, known to have occurred in NGC 4649 (Paggi et al. 2014) , can flatten the global metallicity profile because they quench star formation in the innermost regions (Hirschmann et al. 2014) .
Given these continuous transformations of the metallicity profiles, a direct comparison between the observed colour profiles of stars and GCs with galaxy simulations is more uncertain. Dry major mergers (our favoured formation model so far) can leave the metallicity of the remnant unchanged if both progenitors have sufficiently steep metallicity gradients (Di Matteo et al. 2009b) . In this context, the observed negative gradients in NGC 4649 could be interpreted as the pre-merger gradients of the progenitor galaxies, which remained unchanged after the merger. This assumes that the merger triggered no star formation and that the initial metallicity slopes of the progenitors were equally steep.
Our results show evidence of flat colour profiles outside 20 kpc, consistent with other studies (Rhode & Zepf 2001; Cantiello et al. 2007; Bassino et al. 2006; Forbes et al. 2011; Faifer et al. 2011; Liu et al. 2011 ). This feature is interpreted as the transition from the galaxy central part, created by dissipative processes, to an extended component made by secular accretion of (mostly metal-poor) satellite galaxies. In this context, GC bimodality is a natural manifestation of dual galaxy formation pathway (Côté 1999; Brodie et al. 2014) : red GCs mostly form in-situ, along with bulk of stars, and are therefore more centrally concentrated. Blue GCs are mostly accreted and are therefore more extended (Tonini 2013) .
The GC system of NGC 4649 is consistent with being old (> 10 Gyr; Chies-Santos et al. 2011). However, found about four GC with very young ages in NGC 4649. These objects are listed in Table 4 . From this Table, we can see that young GCs have all red colours, but the sizes are ordinary for normal GCs. Given the lack of recent star formation in NGC 4649, the existence of these young GCs could be explained if they formed along with their host satellite galaxy at z 1 (Tonini 2013), which was then accreted onto NGC 4649.
Lastly, we note that NGC 4649 was classified as a galaxy with "subtle S0 attributes" (Sandage & Tammann 1981; Sandage & Bedke 1994) . Processes such as secular evolution (Larson et al. 1980; Boselli & Gavazzi 2009; Kormendy 2013) or gas stripping (e.g., Moore et al. 1996; Lake et al. 1998; Chung et al. 2007 ) can both transform a gas-rich spiral galaxy into a gas-poor S0 (Kormendy & Bender 2012 Table 4 . Properties of young GCs in NGC 4649. ID(P+06) and age are from . The ID, colour (g − z) and size r h are from . The velocity v is from this paper. Errors on (g−z) and r h are less than 10 per cent. R is the projected distance from NGC 4649.
However, galaxies thought to be faded spirals have the photometric stellar disk still in place (Cortesi et al. 2011; Arnold et al. 2011; Cortesi et al. 2013; Kormendy 2013) . No strong evidence for a stellar disk has been found in NGC 4649 (Vika et al. 2012; Kormendy 2013) . Recently, Graham et al. (2015) pointed out that NGC 4649 is particularly difficult to decompose into bulge and disk. It was recently shown that gas-rich major mergers can also produce S0 remnants with embedded disks (Querejeta et al. 2014) . Naab et al. (2014) predicts that these remnants have disky kinematics with rising or peaked vrot/σ profiles, along with h3 and h4 strongly correlated with V /σ, which is not consistent with our findings.
Final remarks and the interaction with NGC 4647
We have shown that a formation pathway via a major merger between two gas-poor galaxies, combined with satellite accretion, can simultaneously explain both the inner stellar observations and the outer GC observations. After a major-merger, the angular momentum is transported to the outer regions of the remnant, explaining the high rotation velocity observed for stars, GCs and PNe.
If no gas was involved in the merger, the GC system of the primordial galaxies got mixed together, preserving their original metallicity gradients. Additional GCs (mostly metal-poor) are then accreted into the halo of the galaxy, explaining the extended spatial distribution of blue GCs. This scenario is supported by the presence of a depleted stellar core in the galaxy's innermost regions.
The possible interaction between NGC 4649 and NGC 4647, which is only 13 kpc away in projection, has been widely debated in the literature. A gri color image of this galaxy group is shown in Figure 18 . Radio observations suggest that the morphology of CO and HI maps are mildly disturbed, and so are the corresponding velocity fields (Rubin et al. 1999; Young et al. 2006 ). However, radio observations alone do not return conclusive results on whether or not this galaxy pair is actually interacting. A similar conclusion was reached by de Grijs & Robertson (2006) from an analysis of ACS imaging of this galaxy. Moreover, the distribution of optical light around NGC 4647 and NGC 4649 shows no sign of disturbances (Figure 18 ). On the other hand, new observations found evidence for enhanced star formation in the region between NGC 4647 and NGC 4649 (Lanz et al. 2013; Mineo et al. 2014) .
D 'Abrusco et al. (2014) and Mineo et al. (2014) have suggested that the substructures in the 2D distribution of GCs from ACS imaging may reflect a recent interaction in NGC 4649, but the role of NGC 4647 is still unclear. No significant sign of ongoing interaction between NGC 4649 and NGC 4647 was observed in the 2D velocity field of the GCs ) based on the GC catalogue of .
Our kinematic results show some interesting features, such as wiggly velocity profiles, counter rotation, and a multi-spin PN system. We find that GCs with (g − z) ≈ 0.9 ± 0.1 mag, counterrotate with respect to main rotation direction of the galaxy, which may represent the imprint of a recent interaction (Seth et al. 2014 ). Moreover, found a handful of GCs only 2 Gyr old in NGC 4649, which may be linked to a recent accretion event. Similar kinematic anomalies, such as strong rotation amplitude and multi-spin features, have been found in GC systems of interacting early-type galaxies, such as NGC 4365 (Blom et al. 2012) , and merger remnants like NGC 5128 (Woodley et al. 2010; Woodley & Harris 2011) . Computer simulations may determine whether the kinematic features observed in NGC 4649 encode signatures of an ongoing interaction between NGC 4649 and NGC 4647. Based on these contrasting results, it appears that, if NGC 4647 and NGC 4647 are interacting, we are witnessing the very early stages of this interaction.
SUMMARY
In this paper, we have studied the globular cluster (GC) system of the massive elliptical galaxy NGC 4649 (M60). We combined wide-field spectroscopy with wide-field imaging from space-based and ground-based telescopes. We build up a photometric catalogue combining space-based HST/ACS data from Strader et al. (2012) , ground-based archival CFHT/MegaCam, and new Subaru/Suprime-Cam data. GCs are selected based on colour and magnitude constrains. We detect all the photometric features usually seen in GC systems of large ellipticals: the GC system of NGC 4649 is made up of two subpopulations: the red (metal rich) GCs are centrally concentrated. Their spatial distribution is consistent with that of the starlight and planetary nebulae in NGC 4649. The blue (metal poor) GCs are more extended. The colour gradients of blue and red GCs are flat outside 20 kpc, interpreted as evidence of accretion of metal-poor satellites into the stellar halo of NGC 4649. The spectroscopic follow-up is performed with three multi-object spectrographs: Keck/DEIMOS, Gemini/GMOS and MMT/Hectospec. These cover different effective areas around NCC 4649, but they are complementary with each other. We confirmed 431 GCs associated with NGC 4649, plus some GCs from surrounding galaxies, and dwarf galaxies. The contamination from stars and background galaxies is consistent with zero. We analyse the kinematics of blue (60 per cent of the total sample) and red GCs (40 per cent), along with literature planetary nebulae data. Results are:
• Significant rotation at all radii is detected for stars, PNe and blue and red GCs. Rotation occurs preferentially along the major axis of the galaxy.
• The velocity dispersion of the three tracers look very different. Blue GCs and PNe have higher velocity dispersion in the outer regions, whereas the red GCs and the innermost PNe are consistent with the stellar kinematics and have lower dispersions.
• We report peculiar kinematic features for both GCs and PNe. The rotation axis of PNe twists with radius, whereas a group of blue GCs at intermediate radii counter-rotate with respect to the bulk of blue GCs. The velocity dispersion profiles are bumpy, a feature which may indicate that this galaxy underwent major mergers in the past.
We discuss possible formation scenarios for this galaxy, contrasting stellar and GC observations with recent galaxy formation simulations. We find that a formation via dry (no gas) major-merger between two galaxies can, regardless of their initial angular momentum, consistently reproduce stellar observations in the innermost regions and GC observations in the outermost regions of NGC 4649. We consider the possibility that NGC 4649 was spiral galaxy which evolved in an elliptical galaxy because of gas stripping, but the apparent non-detection of the primordial disk in NGC 4649 makes this scenario unlikely. We find no strong evidence to support an upcoming interacting between NGC 4649 and the spiral NGC 4647.
